Abstract: Abscisic acid (ABA) plays a central role in the plant response to water deficit by inducing stomatal closure to conserve water when the soil dries. Exogenous ABA was applied at 45 days after sowing (DAS) as a soil drench, the physiological and seed yield response of soybean to exogenous ABA were examined as the soil was drying. Three experiments were conducted using the drought-tolerant soybean cultivar Jindou 19, grown in pots at the Yuzhong Experimental Station of Lanzhou University, China. In experiment 1, plants were exposed to progressive soil drying and leaf ABA concentration, leaf photosynthesis rate, leaf relative water content (RWC) and osmotic adjustment (OA) were measured. In experiment 2, plants were under progressive soil drying and lethal leaf water potential was measured. In experiment 3, flower production and abortion, and grain yield were measured in plants under well-watered (WW), moderate (MWD) and severe water deficits (SWD). Exogenous ABA application increased ABA accumulation in leaves and reduced the rate of soil drying. It also increased leaf photosynthetic rate, stomatal conductance and transpiration rate at 7-10 days after withholding water. The intrinsic and instantaneous water use efficiency (WUE) was consistently higher with exogenous ABA than without ABA as the soil dried. Exogenous ABA increased OA when the leaf relative water content (RWC) decreased at eight days after withholding water, lowering the lethal leaf water potential by 0.4 MPa. Exogenous ABA reduced water use, increased WUE for grain yield under WW and MWD, and had no effect on flower number, flower abortion or grain yield in any water treatment. We concluded that (1) exogenous ABA induced OA, improved leaf photosynthetic rate, leaf water relations and desiccant tolerance, but did not benefit grain yield in soybean under water deficits; (2) exogenous ABA improved the WUE at the leaf level as soil drying and WUE for grain yield under moderate water deficit.
Introduction
The plant hormone abscisic acid (ABA) plays a central role in a plant's response to water deficit [1, 2] . ABA is produced as soil dries by the roots and transported to the leaves through the xylem, which induces stomatal regulation to conserve water and this is considered just an 'early warning signal' [3, 4] .
The exogenous application of β-aminobutyric acid (BABA) or ABA to wheat grown in pots increased ABA production during soil drying, improving leaf water relations and desiccant tolerance, but did not increase grain yield [5, 6] . However, field studies have shown that under moderate water restriction, exogenous application of ABA can increase grain yield in wheat [7] and sunflower [8] , suggesting that the role of exogenous applications of ABA on generating grain yield under drought conditions is controversial. Thus, further studies were needed to determine the role of exogenous ABA application in yield formation. A previous study also showed that exogenous applications of ABA increased water use efficiency for grain yield (WUE g ) in wheat, mainly because of a reduction in water use [6] . New released soybean cultivars, such as Zhonghuang 30 and Jindou 19 can accumulate more leaf ABA at high soil water content than the old ones, inducing stomatal regulation, improving leaf relative water content (RWC) and leaf desiccant tolerance as soil dries [9] . However, it is unknown whether accumulation of leaf ABA at high soil water content can improve grain yield and WUE g . It is also unknown whether at the leaf level, the intrinsic water use efficiency (WUE i ) and instantaneous WUE (WUE inst ) [10] can be improved by exogenous application of ABA to soybean.
Osmotic adjustment (OA) [11] [12] [13] [14] is considered a useful trait for maintaining cell turgor as tissue water potential declines. New soybean cultivars such as Zhonghuang 30 and Jindou 19 with high OA had better leaf RWC and desiccant tolerance under drought conditions [9] . OA can also affect leaf desiccation tolerance in soybean [15, 16] , because OA allows a further reduction in water potential without a complete turgor loss, and benefits for water uptake [17] . The K + uptake transporter 6 (KUP6) plays a major role in OA under drought conditions by balancing potassium homeostasis under the control of ABA [18] . However, the important question is whether increasing OA, which is associated with the accumulation of ABA, can improve leaf RWC and desiccation tolerance in soybean.
Three pot experiments were conducted to evaluate the effects of exogenous ABA, applied as a soil drench, on the physiology of the drought and yield of the drought-tolerant soybean cultivar Jindou 19. In the first experiment, leaf ABA concentration, photosynthesis rate, RWC and OA were measured in plants under progressive soil drying. In the second experiment, lethal leaf water potential was studied in plants under progressive soil drying. In the third experiment flower production and abortion, and grain yield were studied underwell-watered (WW) with soil water content at 70-90% field capacity (FC), moderate water deficit (MWD) at 45-55% FC and severe water deficits (SWD) at 30-35% FC.
Material and Methods
The three pot experiments were conducted between March and October 2012 at the Yuzhong Experimental Station of Lanzhou University, Yuzhong, China, using the drought-tolerant high-yielding soybean cultivar Jindou 19. Pots were 32 cm diameter × 26 cm high, filled with 9.5 kg of sieved turfy-soil-based substrate in a 3:1 turfy soil:perlite (v/v) ratio, with a field capacity (FC) of 120% (w/w). NH 4 NO 3 and KH 2 PO 4 fertilizers were added to the dry soil of each pot at a rate of 220 kg N/ha, 130 kg P/ha and 164 kg K/ha. Seeds were soaked for 600 s in water containing 5 g L −1 carbendazim to prevent a fungus infection. Then six seeds were sown at middle by hand in each pot with 3-4 cm depth. The plants were initially grown under a rainout shelter before they were transferred to a growth chamber. After germination and when the plants were at V1 stage, the seedlings were thinned to three plants per pot. All pots were weighed and watered daily to maintain the soil water content in each pot at 80% FC. A layer of perlite of about 1.5 cm thick was used to cover the soil surface in each pot to minimize soil evaporation. There were a total of 126 pots in the three experiments.
ABA Treatment for All Experiments
ABA (±-cis, trans abscisic acid, Sigma-Aldrich, Steinheim, Germany) was dissolved in 5-10 mL ethanol, further diluted with distilled water and then applied as a soil drenching at 10 µM ABA soil concentration to half of the pots (63 pots) one day before (day 0, 08:00 PM) the watering treatments were imposed at V4 stage, 45 days after sowing (DAS). The treatment without ABA was supply with 5-10 mL ethanol with distilled water.
Experiment 1
Three days before the water regimes were imposed and when plants were at the V4 stage, 45 days after sowing (DAS), 72 pots with three plants were transferred from the rainout shelter to a growth chamber. The growth chamber was maintained at day/night temperatures of 22/15 • C, 50% ± 5% relative humidity (RH) and 300 µmol m −2 s −1 photosynthetic photon flux density (PPFD) at the canopy level for 14 h in each day.
Two ABA applications, 0 and 10 µM ABA and two watering treatments, well-watered (WW) with SWC maintained at 80-90% FC and water stressed (WS) were imposed at the V4 stage when the palnst were 45 DAS until all available water were exhausted. Each treatment combination consisted of 18 pots (three replications × six samplings for a total of 72 pots). One day before the water was withdrawn and at 20:00 h, the exogenous ABA was applied as soil drenching when plants were at the V4 stage. The pots were weighed daily to determine the SWC. After the ABA applications and two water treatments were imposed, measurements of leaf relative water content (RWC), leaf photosynthesis rate (Pn), stomatal conductance (gs), transpiration rate (Tr) and leaf water potential (Ψ leaf ) were measured daily on a fully-expanded leaf, often the third leaf from the top. Measurements of Pn, gs and Tr were measured between 08:30 and 10:30 h BST with a Li-6400 portable photosynthesis system (Li-Cor, Lincoln, NE, USA), the light intensity, flow rate, RH and leaf temperature were 800 PPFD, 500 µmol s −1 , 50% and 25 • C, respectively. Measurements of leaf RWC and Ψ leaf were made on the same leaf. Ψ leaf was measured with a pressure chamber (PMS Instrument Co, Albany, OR, USA) following the precautions recommended by Turner [19] . The methods used to determine leaf RWC as followed: First, two leaf discs (5 mm in diameter) were sampled and weighed immediately to obtain the fresh weight (FW), then the discs were placed in tubes with freshly-distilled water for 8 h under 10 µmol m −2 s −1 PPFD, surface dried with filter paper and weighed to obtain the saturated weight (SW), then dried it at 80 • C in a forced-draught oven for 24 h to obtain the dry weight (DW). The leaf RWC was calculated as:
The values of leaf RWC were expressed as a percentage of the controls. Intrinsic water use efficiency (WUE i ) was estimated as Pn/gs while and instantaneous WUE (WUE inst ) as Pn/Tr.
Three pots from each ABA application × water treatment combination were sampled on six occasions after withholding water. The first sampling (H1), was made one day after the treaments commenced. Sampling two (H2) when gs in plants without exogenous ABA application significantly decreased. Sampling three (H3) when SWC in the pots had declined to~55% FC, but leaf RWC had not significantly decreased. Sampling four (H4) when leaf RWC significantly decreased. Sampling five (H5) when temporary wilting was observed and sampling six (H6) when permanent wilting ocurred. Permanent wilting was defined when leaves that wilt during the day did not recover during the night following rewatering [20] . At each sampling, the fully expanded leaves used to measure Pn, gs and Tr were collected and frozen immediately in liquid nitrogen for osmotic potential and ABA determination.
The osmotic potential (OP) was measured using a vapor pressure osmometer (Model 5520; Wescor Inc., Logan, UT, USA). The OP at full turgor (OP 100 ) was estimated from the measured OP and RWC such that OP 100 = OP × (RWC/100) [21] . Samples were taken on three occasions, and OA at each harvest was calculated as the difference between OP 100 in well-watered (H1) and OP 100 at H2-H6.
The upper fully expanded leaves that used to measure Pn, gs and Tr were collected from the third leaf from the top for ABA determination. Extraction and purification of ABA from the leaves was carried out following the protocol described by [22] . Briefly, leaf samples were finely ground in liquid nitrogen using a mortar and pestle before extraction for 4 h in ice-cold 80% methanol (v/v) containing 1 mM butylated hydroxytoluene to avoid oxidation. The extracts were centrifuged at 10,000 g for 15 min at 4 • C. The supernatant was removed, and the residues re-suspended using 1 mL of the same ice-cold extraction solution, extracted at 4 • C for 1 h, and centrifuged again at 10,000 g for 15 min at 4 • C. The two supernatants were combined and filtered with Chromosep C18 columns (C18 Sep-Park Cartridge, Waters, Milford, MA, USA) to collect the efflux, which was dried by evaporation with nitrogen. The residue was dissolved in 2 mL phosphate-buffered saline (PBS) containing 0.1% (v/v) Tween 20 and 0.1% (w/v) gelatin (pH 7.5). Analysis was carried out by an enzyme-linked immunosorbent assay (ELISA) as per the protocol described by Yang et al. [23] . The mouse monoclonal antigen and antibody against ABA and the immunoglobulin G-horseradish peroxidase used in the ELISA were produced at the Phytohormones Research Institute, China Agricultural University, Beijing, China. The specificity of the monoclonal antibody was confirmed and nonspecific inhibitors excluded [23] .
Experiment 2
Twelve pots with three plants each were used to determine the effect of a 10 µM exogenous application of ABA on the lethal leaf water potential. Three days before the watering regimes were imposed at the V4 stage, 45 DAS, pots were transferred from the rainout shelter to a growth chamber. The growth chamber was maintained at day/night temperatures of 22/15 • C, 50% ± 5% relative humidity (RH) and 300 µmol m −2 s −1 photosynthetic photon flux density (PPFD) at the canopy level for 14 h in each day. One day (08:00 PM) before the watering regimes were imposed at the V4 stage, exogenous ABA was applied as soil drenching at 20:00 h. Watering was withdrawn at 45 DAS to induced water deficits, and 15 days after water was withdrawn measurements of Ψ leaf were commenced. Lethal Ψ leaf was determined when leaves began to show extensive necrotic areas as they died as the Ψ leaf of the last living leaf.
Experiment 3
Forty-two pots with three plants each were used to determine the effects of 10 µM exogenous ABA on flower number, flower abortion, grain yield and yield components under well-watered conditions (WW) with SWC maintained at 70-90% FC; moderate water deficits (MWD) with SWC at 45-55% FC and severe water deficits (SWD) with SWC at 30-35% FC. At 45 DAS, two ABA applications, 0 and 10 µM ABA and three watering treatments, well-watered (WW) with SWC maintained at 80-90% FC, moderate water deficits (MWD) with SWC at 45-55% FC and severe water deficits (SWD) with SWC at 30-35% FC were imposed. The pots were weighed daily and watered to the treatment water levels. Water use during plant growth was calculated from the water additions from sowing to physiological maturity. Flowers were tagged from the first flower, with new flowers tagged every two days so that flower number could be determined. Whole plants were harvested at physiological maturity, divided into leaves, stem and pods, dried at 80 • C for 24 h, and weighed. The pod number at physiological maturity was determined. The following variables were calculated: Water use efficiency (WUE) for grain yield = grain dry weight/water use, and flower abortion = 100 − (pod number/flower number) × 100%.
Statistical Analysis
The Duncan test was used to compare the rate of soil drying and the soil water content of six harvest times with or without exogenous ABA in experiment 1 and the different of lethal leaf water potential with or without exogenous ABA in experiment 2. Two-way analyses of variance (ANOVA) were conducted using GenStat 17th edition (V-International Ltd., Rothamsted, UK) to analyze the measured variables in Experiment 3. In two-ways ANOVA, the water and chemical treatments were considered fixed factors, and the random factor was block (replicate).
Results

Soil Drying, Leaf ABA Concentration, Photosynthesis and WUE at the Leaf Level
Exogenous ABA significantly reduced the rate of soil drying by 4.6% (Table 1) , especially in the first ten days after ABA was applied ( Figure 1 ). As the soil dried to 16% field capacity (FC), 14 days after withholding water, accumulation of ABA in the leaves increased from about 16 nmol g −1 dry weight (DW) on the first day after withholding water to 50 nmol g −1 DW. Exogenous application of ABA increased accumulation of ABA in the leaves from about 21 nmol g −1 DW on the first day after withholding water to 62 nmol g −1 DW, as the soil dried to 15% FC, 15 days after withholding water ( Figure 2 ). Exogenous ABA applications under well-watered conditions, initially increased leaf ABA concentration to 41 nmol g −1 DW at 10 days after withholding water but after it decreased with time ( Figure 2 ). Exogenous ABA applications under well-watered conditions, reduced photosynthesis rate (Pn) by 42.5%, stomatal conductance (gs) by 75.4% and transpiration rate (Tr) by 60.1% during the first five days after application, but after that time Pn, gs and Tr had a full recovery (Figure 3) . Intrinsic water use efficiency (WUE i ) and instantaneous WUE (WUE inst ) increased by 149.9% and 61.4% respectively in the first five days after the exogenous applications of ABA ( Figure 3 ). As the soil was drying, Pn in plants in which exogenous ABA was applied increased by 160% on average from 7-10 days after withholding water. gs and Tr also increased by 135% and 116% on average, respectively from 8-10 days ( Figure 3A-C) . WUE i with exogenous ABA application (59.2 on average) was significantly higher (p < 0.001) than without exogenous ABA application (34.1 on average) during the experiment. WUE inst with exogenous ABA application (2.72 on average) was significantly higher (p < 0.001) than without exogenous ABA application (1.72 on average) during the experiment ( Figure 3D ,E). Agronomy 2019, 9, x FOR PEER REVIEW 5 of 14 weight (DW) on the first day after withholding water to 50 nmol g −1 DW. Exogenous application of ABA increased accumulation of ABA in the leaves from about 21 nmol g −1 DW on the first day after withholding water to 62 nmol g −1 DW, as the soil dried to 15% FC, 15 days after withholding water ( Figure 2 ). Exogenous ABA applications under well-watered conditions, initially increased leaf ABA concentration to 41 nmol g −1 DW at 10 days after withholding water but after it decreased with time ( Figure 2 ). Exogenous ABA applications under well-watered conditions, reduced photosynthesis rate (Pn) by 42.5%, stomatal conductance (gs) by 75.4% and transpiration rate (Tr) by 60.1% during the first five days after application, but after that time Pn, gs and Tr had a full recovery (Figure 3 ). Intrinsic water use efficiency (WUEi) and instantaneous WUE (WUEinst) increased by 149.9% and 61.4% respectively in the first five days after the exogenous applications of ABA ( Figure 3 ). As the soil was drying, Pn in plants in which exogenous ABA was applied increased by 160% on average from 7-10 days after withholding water. gs and Tr also increased by 135% and 116% on average, respectively from 8-10 days ( Figure 3A-C) . WUEi with exogenous ABA application (59.2 on average) was significantly higher (p < 0.001) than without exogenous ABA application (34.1 on average) during the experiment. WUEinst with exogenous ABA application (2.72 on average) was significantly higher (p < 0.001) than without exogenous ABA application (1.72 on average) during the experiment ( Figure 3E -F). 
Leaf Water Relations, Desiccant Tolerance and Osmotic Adjustment
The SWC decreased as the soil was drying and Ψleaf and leaf RWC also decreased with time. When leaf RWC decreased, plants in which exogenous ABA was applied had significantly lower (p < 0.001) SWC (29.1% FC) than those in which exogenous ABA was not applied (33.5% FC; Table 1 , Figure 4 ). The reduction in leaf RWC with decreasing Ψleaf was slower under exogenous application 
The SWC decreased as the soil was drying and Ψ leaf and leaf RWC also decreased with time. When leaf RWC decreased, plants in which exogenous ABA was applied had significantly lower (p < 0.001) SWC (29.1% FC) than those in which exogenous ABA was not applied (33.5% FC; Table 1 , Figure 4 ). The reduction in leaf RWC with decreasing Ψ leaf was slower under exogenous application of ABA than without ABA application ( Figure 5 ). The lethal Ψ leaf with exogenous ABA applied was significantly lower (p < 0.001; −3.5 MPa) than without exogenous ABA applied (−3.1 MPa; Figure 6 ). OA increased from 0.21 MPa to 0.81 MPa as SWC decreasing; OA was highest (0.81 MPa) when leaf RWC significantly decreased (p < 0.05, sample 4) under exogenous application of ABA. For without ABA application the highest OA was 0.4 MPa (Figure 7 ) at sample 4. 
Flower and Pod Numbers, Yield, Yield Components, and WUEg
Exogenous application of ABA had no effect on the number of flowers and pods or the number of flower aborted under any of the three watering treatments (Figure 8 , Table S1 ). Water stress significantly reduced seed number by 30% for MWD and 57% for SWD, hundred-grain weight by 2.2% for MWD and 12.6%, grain yield by 31.5% for MWD and 62.4% for SWD (Figure 9 ). Water stress significantly reduced water use by 33.8% for MWD and 56.2% SWD, harvest index by 3.6% for MWD 
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Discussion
Exogenous ABA Improved Leaf Desiccant Tolerance and RWC Under Water Stress by Increasing OA
Since leaf desiccant tolerance is reflected in the lethal Ψleaf [24] , the decrease by −0.4 MPa in the lethal Ψleaf when exogenous ABA was applied, indicates that exogenous ABA improved leaf desiccant tolerance in soybean as it was previously shown in wheat [6] . However, the increase in OA by 0.3 MPa under water stress when exogenous ABA was applied indicates that the increase in OA with exogenous ABA applications was the main mechanism involved in improving leaf desiccant tolerance under water stress. Presumably, the water stress induced accumulation of solutes, such as sugars, which inceased the OA allowing further reductions in Ψleaf [25] .
Exogenous applications of ABA improved leaf RWC and maintained leaf photosynthetic rate during the progressive drying of the soil. This is consistent with previous findings that soybean cultivars with high OA have high leaf RWC under water stress [9, 15] and indicates that OA plays an important role in maintaining leaf RWC. The exogenous application of ABA could increase leaf ABA accumulation to induce stomata closure and reduce water loss to maintain leaf RWC under water stress. The other way leaf RWC was maintained was by increasing water uptake by the root system from the soil, as the high OA in the leaf allowed a further reduction in Ψleaf. Since leaf desiccant tolerance is reflected in the lethal Ψ leaf [24] , the decrease by −0.4 MPa in the lethal Ψ leaf when exogenous ABA was applied, indicates that exogenous ABA improved leaf desiccant tolerance in soybean as it was previously shown in wheat [6] . However, the increase in OA by 0.3 MPa under water stress when exogenous ABA was applied indicates that the increase in OA with exogenous ABA applications was the main mechanism involved in improving leaf desiccant tolerance under water stress. Presumably, the water stress induced accumulation of solutes, such as sugars, which inceased the OA allowing further reductions in Ψ leaf [25] .
Exogenous ABA Had No Effect on Grain Yield But Increased WUEg Under Water Stress
Exogenous applications of ABA improved leaf RWC and maintained leaf photosynthetic rate during the progressive drying of the soil. This is consistent with previous findings that soybean cultivars with high OA have high leaf RWC under water stress [9, 15] and indicates that OA plays an important role in maintaining leaf RWC. The exogenous application of ABA could increase leaf ABA accumulation to induce stomata closure and reduce water loss to maintain leaf RWC under water stress. The other way leaf RWC was maintained was by increasing water uptake by the root system from the soil, as the high OA in the leaf allowed a further reduction in Ψ leaf .
Exogenous ABA Had No Effect on Grain Yield But Increased WUE g under Water Stress
The role of exogenous applications of ABA in determining the yield of a crop under water stress is controversial, as some studies with wheat [7] and sunflower [8] have shown increases in grain yield. However, other studies with wheat [6] have shown that exogenous applications of ABA did not affect grain yield under water stress. In this study, exogenous application of ABA did not increase grain yield in soybean under water stess and this was associated to the 20-30% only increase in leaf ABA after the soil was drenched with exogenous ABA. In soybean as in some other grain legumes, seed number is the main determinant of seed yield [26, 27] and the weak but negative effect on seed number when exogenous ABA was applied under water stress explains why seed yield was not increased, despite the significant increase in the hundred-grain weight (p = 0.003). The increase in the hundred-grain weight compensated for the lower seed number to maintain rather than increase the grain yield. Although soybean cultivars with high OA capacity can produce high grain yield under water stress [9] , the increased OA induced by exogenous applications of ABA under water stress did not result in seed yield increase, indicating that the main effect of exogenous ABA was to induce OA, which improved leaf desiccant tolerance but not grain yield.
Since exogenous application of ABA did not have an effect on seed yield, we compared flower number and flower abortion with or without exogenous application ABA under water stress. Water stress alone reduced flower number (p < 0.001) and as expected from studies with lupin [28, 29] and chickpea [30, 31] , it also increased flower abortion, presumably associated with a reduction in the time for flower development and assimilate supply [28, 32] . However, applications of exogenous ABA had no effect on the number of flowers, and flower abortion under water stress. This is in disagreement with the findings of Liu et al. [33] that exogenous applications of ABA reduce flower abortion under water stress in soybean. It is likely that the difference response of flower abortion to exogenous application of ABA under water stress may be expained by the differences in the increase in leaf ABA concentration after the exogenous application of ABA. In our study it was 20-30% only and this low concentration of leaf ABA could not induce flower abortion.
The significantly increased in WUE g with the exogenous application of ABA under well-watered conditions and moderate water deficits (MWD; p < 0.001) only, is consistent with the findings of Du et al. [6] in wheat. The increase in WUE g with the exogenous application of ABA under well-watered and MWD resulted from a no effect on grain yield while water use was reduced as transpiration was limited.
Exogenous Applications of ABA Increased WUE i and WUE inst by Reducing gs
The decrease in gs and leaf transpiration rate, which significantly increased WUE i and WUE inst under well-watered conditions during the first five days after ABA was applied, indicates that exogenous application of ABA can affect the stomatal behavior, increasing both WUE i and WUE inst , as previously showed, but under drought conditions [10, 34] . However, the effect of exogenous application of ABA on WUE i and WUE inst under well-watered conditions was transient.
Conclusions
The application of exogenous ABA increased leaf ABA concentration, reduced stomatal conductance and improved leaf RWC as the soil dried. It also increased OA, improving leaf desiccation tolerance as the soil progressively dried. Exogenous application of ABA had no effect on seed yield under water stress, but improved WUE g by reducing water use under well-watered conditions and moderate soil water deficits.
Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/9/7/395/s1, Table S1 : Significance of chemical treatment (ABA), water treatment (W) and their interactions on flower number (pot −1 ), pod number (pot −1 ), flower abortion (%), seed number (pot −1 ), hundred-grain weight (g), grain yield (pot −1 ), water use efficiency for grain yield (g L −1 ), water use (L pot −1 ) and harvest index in jindou 19 (JD) with and without 10 µM exogenous ABA at 45 days after sowing (DAS) under three water treatments (well-watered(WW): maintain soil water content between 70-90%; moderate water deficit (MWD): maintain SWC between 45-55% and severe water deficit (SWD): maintain SWC between 30-35%). n.s. not significant, * p < 0.05, ** p < 0.01, and *** p < 0.001. The values in parenthesis are the LSD at p = 0.05.
